This paper investigates the switching performance of six-pack SiC MOSFET and Si IGBT modules for motor drive applications. Both the modules have same packaging and voltage rating (1.2 kV). The three bridge legs of the modules are paralleled forming a single half-bridge configuration for achieving higher output power. Turn-on and turn-off switching energy losses are measured using a standard double pulse methodology. The conduction losses from the datasheet and the switching energy losses obtained from the laboratory measurements are used as a look up table input when simulating the detailed inverter losses in a three-phase motor drive inverter. The total inverter loss is plotted for different switching frequencies in order to illustrate the performance improvement that SiC MOSFETs can bring over Si IGBTs for a motor drive inverter from the efficiency point of view. The overall analysis gives an insight into how SiC MOSFET outperforms Si IGBT over all switching frequency ranges with the advantages becoming more pronounced at higher frequencies and temperatures.
Introduction
Medium voltage motor drives will benefit from the superior material properties of SiC. For instance, SiC devices offer a breakdown electric field of ten times higher than Si devices. This allows more heavily doped and shorter drift layer structures, resulting in very low specific on-state resistance even at high blocking voltages, thus reducing the conduction loss with a promise for higher power rating [1] . Therefore, when SiC MOSFETs become available in the 10 kV range, they can replace series connected Si IGBTs, and thereby the weight, volume and loss of the converter will be reduced.
In addition, the SiC devices offer three times higher bandgap and thermal conductivity compared to the Si devices. This means that the converter can be operated at a higher junction temperature [2, 3] and has a better heat dissipation, which eventually leads to less need for thermal management and cooling, also resulting in more compact converters. Motor drive inverters will also benefit from the fast switching feature of SiC devices provided a small dv/dt or sine wave filter is used between the inverter and the motor.
Moreover, the on-state resistance of a semiconductor power device is inversely proportional to the chip area. When the SiC becomes cheaper, the chip area can be made bigger in high performance drives so that the on-state resistance is reduced, thereby further reducing the conduction loss.
By adjusting the doping concentration, SiC MOSFETs can be produced according to application requirements. For example, for fast switching applications, higher speed can be prioritized whereas for slow switching applications, on-state voltage can be the main criterion. Considering the motor drive application, manufacturers have started to look into different structures that give reduced on-state losses; for instance, a double trench structure has been discussed in [4] .
Several papers have been published regarding the use of the SiC devices for motor drive applications. For example: benefits of using a SiC diode instead of a Si PiN diode as a free-wheeling diode in a IGBT for a three-phase motor drive converter is discussed in [5] . The switching performance of discrete SiC MOSFET is evaluated in a PWM inverter fed induction motor drives in [6, 7] . The use of six-pack SiC MOSFET module is compared with Si IGBT module at different switching frequencies in [8] .
However, this paper focuses on comparing the total loss for SiC MOSFETs (CCS050M12CM2, 50 A) and Si IGBTs (FS75R12KT4 B15, 75A) in a three-phase motor drive inverter formed by paralleling of the three-bridge legs inside one module, using one module for each phase. In order to carry out a fair comparison between the two technologies, both of the SiC MOSFET and Si IGBT modules are chosen with similar voltage rating and packaging. Fig. 1 a) shows the package of the SiC module used in the measurements. Even though the current rating of SiC MOSFET module is 50 A and Si IGBT is 75 A, the comparison of loss is made at the same current value (50 A).
The converter losses are compared for two different cases. In the first case, the gate resistance (R g ) is optimized for the Si IGBT as a trade-off among switching losses, acceptable dv/dt, and overshoots. The detailed switching performances are illustrated for both modules maintaining approximately the same dv/dt by slowing down the SiC MOSFET. The turn-on and turn-off behaviours are also studied at various temperatures and load currents.
In the second case, the R g for the SiC MOSFET is optimized with a trade-off between both current and voltage overshoot and switching loss. The R g for the Si IGBT is kept equal to that of the SiC MOSFET. The detailed switching performances and losses are illustrated in a previous work [9] . In this paper, the measured conduction and switching energy losses are used as a look up table input in a MATLAB Simulink simulation of a three-phase motor inverter circuit to observe the losses.
Methodology and measurement setup
For measuring the turn-on and turn-off switching energy losses, a standard double pulse methodology is used, which allows to do the measurements with known junction temperature (T j ) [10] . In order to have a comparable stray inductance as in a real application circuit, a three-phase inverter power circuit board, acting as a strip line connection between the module and the dc-link capacitors, was built, and a six-pack module is mounted such that the three bridge legs are paralleled forming a single half-bridge, as shown in Fig. 1 b) . A negative voltage of 5 V is applied for the upper MOSFETs in order to ensure that they are turned off all the time. For the lower MOSFETs, a gate voltage of 20 V is applied during turn-on and -5 V during turn-off. For each measured current, the first turn-off and the second turn-on waveforms are recorded. A single layer inductive load is used in order to ensure the minimum stray capacitance [11] . The complete laboratory hardware setup is depicted in Fig. 2 . The Si IGBT is driven by the same gate driver as that for the SiC MOSFET, except a small modification for obtaining ±15 V required for driving an IGBT. Switching energy loss is measured using a three-phase inverter power circuit board in order to emulate a stray inductance of a real application circuit. Table I shows the key electrical parameters of the SiC MOSFET versus the Si IGBT taken from the manufacturers datasheet [15, 16] . R ds / R ce is the on-state resistance of MOSFET / IGBT, V CEO is the on-state zero-current collector-emitter voltage, and R d is the resistance of the free-wheeling diode. The SiC MOSFET shows higher temperature dependency compared to the Si IGBT. The value of R g for the SiC MOSFET module is selected such that the dv/dt is similar to the results for the Si IGBT module at a junction temperature of 25 • C. As shown in Fig. 3 a) , c) and e), both the current and voltage overshoots are reduced with increased R g because the switching becomes slower.
For generation 4 trench field stop IGBT, the turn-off process is decided by the intrinsic behaviour of the device for the lower gate resistances. However, if R g is increased above a certain range, the dv/dt decreases but the voltage overshoot increases, which is due to the stored charge in the device during turnon [13] . This phenomenon is elucidated in Fig. 3 d) . Therefore, R g of 2.2 Ω is selected as the trade-off among switching losses, acceptable dv/dt and overshoot as per the requirement of the application. Table II shows a sample of switching energy loss for the SiC MOSFET versus the Si IGBT with a dc-link voltage of 500 V and a load current of 120 A at a junction temperature of 25 • C, for two different values of R g , for each module. dv/dt is the voltage slew rate during turn-off and di/dt is the current slew rate during turn-on of the device under test. The turn-off loss (E o f f ) in the Si IGBT is relatively high and is almost similar at both high (20 Ω) and low (12.2 Ω) R g . This is primarily governed by the intrinsic phenomenon within the IGBT structure. In particular, the recombination process and the charge carrier lifetime being independent of R g . On the other hand, the turn-off loss of the SiC MOSFET decreases remarkably with decrease in R g , which is mainly because of the unipolar nature of the device. The turnon loss (E on ) of both devices depends strongly on R g . The reverse recovery loss of the diode (E rec ) in both the Si and SiC diodes decreases slightly with increasing R g . 
Switching transients with varying load current
In this subsection, the dc-link voltage is set to 500 V while the load current is increased from 30 A to 150 A. It can be observed from Fig. 4 that the di/dt of the current in the SiC MOSFET and the diode increases slightly, while the dv/dt of the MOSFET voltage increases noticeably. This part of behaviour in the SiC MOSFET also corresponds to that of the Si IGBT. However, the peak reverse current of the SiC anti-parallel diode remains almost constant at all the load current which is depicted in Fig. 4 e) . Conversely, the peak reverse recovery current of the Si anti-parallel diode increases with the increase of the load current, which is apparent from Fig. 4 f) . 
Switching transients with varying junction temperature
In this subsection, the dc-link voltage is set to 500 V and the load current to 120 A while the junction temperature is increased from 25 • C to 125 • C. With the increased temperature, the turn-on of SiC MOS-FET becomes slightly faster because of the negative temperature coefficient of gate threshold voltage, and therefore leads to a decrease in the turn-on switching energy loss. The SiC MOSFET module is copacked with SiC Schottky barrier diode (SBD) as an anti-parallel diode. The reverse-recovery charge in the SiC SBD is extremely low compared to Si diode [9] . This charge is not due to conductivity modulation as in Si diode and is independent of temperature, forward current and di/dt as inferred from these characterization and also conforms with [12] .
In the Si IGBT module, the Si diode is present as a free-wheeling diode. It is evident from Fig. 5 b) and f) that the reverse recovery current present at turn-off of the diode directly affects the current peak during the turn-on of the Si IGBT. This peak worsens with increased operating temperature. During the turn-off, the voltage overshoot decreases a little as the turn-off voltage rise slows down with increased temperature, as seen in Fig. 5 d) . Table III shows a sample of key measurements taken for the two modules at 125 • C. With the increase in temperature, E rec increases substantially in the Si diode, whereas it is slightly increased or almost unaffected by the temperature in the SiC SBD. Furthermore, it should be noted that the E rec increases with the decrease in R g , unlike in the SiC MOSFET or the Si IGBT where the switching loss decreases with the decrease in R g .
Simulation of the converter losses
The three-phase inverter fed induction motor drive as shown in 
Evaluation of inverter power loss at varying switching frequency
The detailed loss breakdown at two different temperatures (25 • C and 125 • C), and various switching frequencies (1 kHz to 100 kHz) are shown in Fig. 7 a) and b). Simulation results show that the conduction loss in the Si IGBT inverter is a factor of 1.14 at 25 • C and a factor of 0.77 at 125 • C to that in the SiC MOSFET inverter. For the low frequency region, the conduction loss is a dominating part of total inverter loss for both the MOSFET and IGBT, which is also apparent from bar chart in Fig. 7 .
Furthermore, Fig. 7 a) which is a case with 25 • C, reveals that conduction loss and switching loss are approximately equal for the Si at 10 kHz and for the SiC at 25 kHz. Likewise, it is clear from Fig. 7 b) , which is the case with 125 • C, that these losses are almost equal at 4 kHz for the Si and at 35 kHz for the SiC. However, the total loss is comparable for both the SiC MOSFET and Si IGBT only upto 3 kHz, with the MOSFET showing slightly better performance than the IGBT. Table IV shows that the inverter using the SiC MOSFET has significantly lower total switching energy loss (denoted by P sw in Table IV , which is the sum of switching power loss of the transistors and diodes in a three-phase inverter) compared to the one using the Si IGBT. Depending on R g , the ratio of switching loss in the Si to that in the SiC can be a factor of 1.55 to 4.79 at 25 • C and a factor of 3.5 to 8.6 at 125 • C. Table V: For the same output power and losses, a factor by which switching frequency in SiC can be increased to that in Si is given in the column " f 1 / f 2 ".
Temperature Depending on R g , for the same current (output power), inverter switching frequency can be increased by 1.56 to 5 times at 25 • C and 3.3 to 8.3 times at 125 • C in the SiC MOSFET compared to the Si IGBT with almost the same total power loss (P tot ) as presented in Table V .
For the converter with the Si IGBT, the combined loss of P sw−on (turn-on loss) and P rec (recovery loss) comprises the major portion of the total converter loss, specially at higher switching frequencies. In the case of optimized R g (displayed in Fig. 7 ), this loss is 59.95 % of the total inverter loss at 25 • C, and 68.44 % at 125 • C for the Si at 100 kHz. Thus, it can be deduced that the Si IGBT is not a viable solution at high switching frequency. Therefore, a practical solution for reducing the total loss would be the use of SiC diode as an anti-parallel diode in the Si IGBT. , diode recovery loss (P rec ), conduction loss in a transistor (P cond−tr ), and conduction loss in a diode (P cond−diode ). The converter losses are comparable at low switching frequencies (≤ 3 kHz) for both modules. SiC MOSFET helps to reduce the switching loss, which is a dominant part of total loss in an IGBT inverter particularly at high switching frequencies.
Evaluation of inverter efficiency at varying switching frequency
A comparison of the total inverter efficiency using the all-SiC devices with the all-Si devices are shown in Fig. 8 . The simulations are carried out at a junction temperature of 25 • C and 125 • C at two different R g for each module. The efficiency (denoted as E f f in Table VI ) of the inverter using the SiC devices is almost independent of the operating temperature, while the power loss of the inverter using the Si devices shows strong temperature dependence, decreasing the efficiency from 91.68 % to 84.04 % (for R g = 12.
2 Ω) at 100 kHz, which is also indicated in Fig. 8 . This is due to the strong temperature dependence of the reverse recovery current of the Si free-wheeling diode and the tail current of the IGBT as discussed in the earlier section. Table VI shows an example summary of the simulation results. shows that at all the switching frequencies and temperatures, the higher efficiency SiC MOSFET provide a performance advantage over their Si IGBT counterparts. The efficiency of the converter using the SiC devices is almost independent of the operating temperature (a difference in efficiency of about 0.3 %) unlike the Si devices which show strong temperature dependence (a difference of 1.88 % at 20 kHz and 7.64 % at 100 kHz). Fig. 8 further explains that the Si IGBT is not a practical solution at higher operating temperature, particularly when it is higher frequency as well. For example, at a switching frequency of 100 kHz and a junction temperature of 25 • C, the difference in efficiencies between the SiC and the Si is 5.47 %, while this difference is 12.9 % at 125 • C.
Conclusion
In this paper, a comparative study of two-level, three-phase inverter with a 1.2 kV SiC MOSFET and a 1.2 kV Si IGBT is carried out by simulation in MATLAB, in order to evaluate losses and efficiencies at different switching frequencies. The main conclusions derived from the paper are:
i) At lower switching frequencies, the conduction loss is the major contributor to the total converter loss. Even at the lowest switching frequency, the SiC MOSFET shows better performance than the Si IGBT.
ii) As the switching frequency increases, the share of switching power loss to the total converter loss increases, thereby the advantages of using the SiC MOSFET become more visible as it has lower switching loss compared to the Si IGBT. Depending on R g , the ratio of switching loss in the inverter with the Si to that in the SiC can be a factor of 1.55 to 4.79 at 25 • C and a factor of 3.5 to 8.6 at 125 • C. Thus, for the same output power the inverter switching frequency can be increased by 1.56 to 5 times at 25 • C and 3.3 to 8.3 times at 125 • C in the SiC MOSFET compared to the Si IGBT with almost the same total power loss.
iii) The switching phenomenon of the MOSFET is almost independent of the operating temperature, while there is a strong temperature dependence in the Si IGBT. Simulation showed that at a switching frequency of 100 kHz and a junction temperature of 25 • C, the difference in efficiencies between the inverter with the SiC and the Si is 5.47 %, while this difference is 12.9 % at 125 • C. In particular, the reverse recovery current of the Si diode and the tail current of the IGBT worsens with increase in temperature.
